Women's health care providers are increasingly aware that chronic stressors-such as poverty, ongoing perceived stress and anxiety, intimate partner violence, and experiences of racism-are associated with an increased incidence of preterm birth in the United States. It is important to increase our understanding of the explanatory pathways involved in these associations. This article discusses the concepts of stress, chronic stress response, allostatic load, the physiology of labor initiation, and the pathophysiologic interactions that may contribute to the occurrence of chronic stress-related preterm birth. Implications for future research and interventions are explored.
INTRODUCTION
Premature birth is the major contributor to infant morbidity and mortality, and often has serious long-term health consequences, such as cerebral palsy, blindness, and developmental difficulties that include cognitive, sensory, learning, and language deficits. 1 While no one major etiology has been identified, there is general agreement that there are multiple contributors to preterm birth (PTB). 2,3 Significantly, idiopathic PTB accounts for approximately half of all PTBs (Figure 1 , box on left). 2, 4 In the past 4 decades, risk identification, early detection, and pharmaceutical interventions have made no impact in reducing the occurrence of PTB. Indeed, PTB has increased 31% since 1980. 5 In the United States, the annual medical, educational, and lost productivity costs were estimated to be $26.2 billion in 2005; $5.8 billion for hospital costs alone. [6] [7] [8] While there is a fairly clear understanding of and approach to management of the mechanical and medical contributors to the occurrence of PTB (i.e., multiple gestation, placental abruption, polyhydramnios, and infection) and medically induced PTB (i.e., due to placental insufficiency or severe pregnancy induced hypertension), 9 the mechanisms involved in the psychosocial associations with PTB are much less clear. However, many researchers are beginning to address the maternal and fetal stress response and the cascade of physiologic events that may result in PTB, and are calling for others to do the same. 8, [10] [11] [12] [13] [14] [15] [16] The goal of this article is to increase the clinician's understanding of how chronic stress may play a role in the occurrence of idiopathic PTB. To that end, attention will be given first to a review of the concept and physiology of stress and the normal physiology of the initiation of labor. Subsequently, the interactions between pregnancy and chronic stress will be examined. The mechanical, medical, and infectious processes contributing to PTB have been given considerable attention by numerous authors, and will not be addressed here. A short glossary of terms is provided in Table 1 for the reader's convenience.
THE CONCEPT OF STRESS
The phenomenon of "stress," in very general terms, is a physiologic response to psychological and physical demands and threats (stressors). An individual's unique characteristics (i.e., stressor appraisal, coping skills, disposition, etc.) and life circumstances (i.e., poverty, neighborhood environment, social support structures, etc.) also contribute to the individual's experience. 17 The physiologic stress response has the goal of maintaining homeostasis, and the result is usually successful adaptation or resolution. However, negative health outcomes can result when the demands and threats substantially tax or overwhelm an individual's capacity to respond. 18 For example, obesity, insulin resistance, cardiovascular disease, and metabolic syndrome are all potential long-term consequences of an altered metabolism that accompanies chronic activation of the physiologic stress response. 19
It is also necessary to make a distinction between acute and chronic stress. Acute stress results in a response that is short-lived; effective resolution to the threat or demand is achieved. In contrast, chronic stress is of longer duration and/or lacks an effective resolution to the threat or demand. A heated argument with a spouse which results in problem solving and resolution is an example of acute stress; a psychological demand is met with a response that is short-lived and returns one to homeostasis. Repetitive, ongoing marital discord without resolution is an example of chronic stress; the threat is not resolved and does not allow one to return to homeostasis.
Cohen et al. 17 have provided a helpful definition of stress, as follows: "when environmental demands [internal or external; real or imagined] tax or exceed the adaptive capacity of an organism, resulting in psychological and biological changes that may place persons at risk for disease." This definition represents a biobehavioral model of the stress process ( Figure 2 ). The gray boxes have been added to Cohen's figure to provide specific examples of various contributors to the stress process.
However, the idea that stress causes physiologic change that in turn causes pathology would be a simplistic view of the stress phenomenon. As shown in Figure 2 , aspects such as negative mood, depression, and anxiety can impact the appraisal of demands and threats. Furthermore, an individual's adaptive resources, such as coping skills and social support, are important elements in a comprehensive picture of the stress process. 20 A person with an adequate and supportive social network might appraise stressors in an optimistic light or use a problemsolving coping approach, with the knowledge that ready resources are available from friends and family members. Conversely, a person who is socially isolated or functioning within a violent or abusive environment may have a sense of hopelessness and negativity which can affect her appraisal of stressors. These are two simple examples of the complexity of stressor appraisal and response.
Moderators of stress, such as optimism, access to satisfactory and sufficient social supports, and adequate coping skills, have all been documented as "protective" (e.g., associated with reduction in perceived stress and with improved health outcomes in spite of the existence of "stressful" conditions and events). [21] [22] [23] [24] In contrast, depression and anxiety are indicators of "distress," and can both be considered as contributors to the stress response. These distressed states have dual roles in their contributions. They can affect one's appraisal of stressors in addition to activating the physiologic stress response independent of any other stressors. 25 Several studies support the premise that higher stress levels often lead to the development of depression and anxiety; therefore, distressed states may also be outcomes of chronic stress conditions rather than contributors to stress. 25 To summarize, the contributing and protective factors discussed above operate in a manner that can significantly impact an individual's appraisal and experience of stress, thereby altering the entire physiologic cascade of events that follow a stressful event or experience. Moreover, the mechanisms involved in the physiologic response in distressed states (i.e., depression and anxiety) may have additive, interactive, or independent effects on the stress response.
Finally, behavioral and lifestyle factors also add to the complexity of the stress response. Many individuals adopt behavior and lifestyle changes as coping strategies that may or may not be effective, or may even be harmful. Many of these changes can be viewed as beneficial in reducing stress and are associated with improved health outcomes (i.e., adequate sleep, exercise, and stress reduction methods). However, many can be harmful and contribute to adverse health outcomes (smoking, alcohol/drug use/abuse, poor diet, and inadequate sleep).
PHYSIOLOGIC STRESS RESPONSE: A CASCADE OF EVENTS
When an individual appraises stressors as demanding and/or threatening, two principal physiologic cascades occur. One involves the autonomic nervous system and the release of catecholamines, specifically norepinephrine and epinephrine. The second involves the hypothalamic-pituitary-adrenal (HPA) axis, whereby the release of corticotrophin-releasing hormone (CRH), adrenocorticotropin hormone (ACTH), and cortisol predominate.
Both physiologic cascades originate in the brain. 26 While the precise mechanisms and feedback loops may vary according to differing stressors (i.e., psychological vs. physical challenges), CRH appears to play a central role in initiating/regulating the physiologic stress response. The release of CRH from the hypothalamus to the anterior pituitary occurs via a direct short vascular pathway (the hypophyseal portal vessels). This initiates a cascade of events that include the systemic release of ACTH, which subsequently signals the adrenal glands to release glucocorticoids (i.e., cortisol, which has powerful metabolic and anti-inflammatory effects). The secretion of CRH is also regulated via a negative feedback system; high cortisol levels signal the hypothalamus to decrease the release of CRH. The initiation of the HPA axis occurs in response to rich communication from the central nervous system (CNS), including the limbic system (involved in emotions, such as fear, anxiety, threat, grief, etc.).
Furthermore, activation of both the autonomic nervous system and the HPA axis results not only in physiological responses but also in behavioral changes, including decreased appetite and food intake, decreased sexual activity, increased feelings of anxiety and depression, and increased arousal/vigilance. In essence, activation of the HPA and the autonomic systems create the physiologic activation of the classic "fight or flight" responses in the body. 27
Short-term activation (acute stress) prompts the body's successful return to homeostasis. In contrast, long-term activation reflects either ongoing or repetitive stress, and/or an inability of the body to effectively respond to stressors. With chronic stress, the HPA axis and autonomic nervous system are repetitively activated, thus resulting in persistent physiologic effects. McEwen and Wingfield 28 describe this process of maintaining homeostasis as "allostasis," whereby physiologic stability is achieved through continual change via the primary mediators of the HPA and autonomic nervous system (CRH, ACTH, cortisol, catecholamines, cytokines, etc.). Indeed, the concept of "allostatic load" has been introduced as a means for measuring and evaluating the cumulative effects of "wear and tear" on the body over a lifetime of exposure to the processes of allostasis. It has been suggested that the theory of allostasis and allostatic load is a more appropriate model for investigating stress-related health outcomes, including perinatal outcomes, given the complexity and multifactorial nature of the stress response during childbearing. 29 Studies indicate that increasing allostatic load and allostatic overload place individuals at risk for adverse health outcomes, including PTB in pregnant women. 11,30
The physiologic, psychologic, and behavioral stress responses become quite relevant when juxtaposed with the mechanisms of labor initiation. Research implicates several of the stress response hormones (e.g., CRH, ACTH, and cortisol) as likely contributors to both term and PTB. 31-33 Conceptually, chronic stress may be an important component that explains at least one route to PTB. The physiologic stress response can interact with the physiology unique to a mother and fetus during pregnancy, including the mechanisms that initiate the labor process. Before moving into a discussion of this interaction, a review of the mechanisms of normal labor initiation may be helpful.
THE PHYSIOLOGY OF LABOR INITIATION
The initiation of normal term parturition is the result of an intricate interplay between the maternal, fetal, and placental endocrine, paracrine, and autocrine systems. 34 It involves complex positive and negative feedback systems, up and down regulation of cellular receptor sites, and dynamic chemical messenger systems. A cascade of events culminates in eventual maturation of the fetus and maternal uterine tissues and subsequent initiation of the labor process. A visual description of this fine-tuned process is presented in Figure 3 .
The Role of Placental CRH
The presence of CRH in the maternal circulatory system during pregnancy is placental in origin and is secreted in increasing amounts over the course of pregnancy, beginning at approximately 16 weeks of gestation, and rising exponentially until the time of delivery. 35 This CRH produced by the placenta plays a central role in the physiology of term and PTB, including the length of gestation and the timing of birth. 36-39 Furthermore, studies examining the role of placentally-derived maternal CRH levels, in relation to the length of gestation, 38,40 have found that elevated levels of CRH early in gestation (16−20 weeks') is associated with a higher risk of PTB and precedes the occurrence of PTB by weeks or even months. These studies suggest that CRH is engaged in an intricate interaction with the endocrine and immune systems of the fetus, mother, and placenta.
Unlike the negative feedback system that regulates hypothalamic CRH, placental CRH functions under a positive feedback system, whereby cortisol (maternal and fetal) stimulates rather than inhibits the production of CRH in the placenta. 33,35,41 Furthermore, an early study found that several maternal neural and adrenal "stress" hormones, including ACTH, vasopressin, oxytocin, and catecholamines stimulate production of CRH in the placenta. 41 In other words, higher production of the chemical messengers involved in the stress response may result in higher production of CRH by the placenta. Although placental CRH may actually contribute to keeping the uterine muscle quiescent/relaxed during much of pregnancy, it appears to play another role at higher levels. Once a threshold level has been reached, CRH plays a significant role in the preparation for and the initiation of contractions and cervical remodeling required for labor to occur. 42 These interactions are complex and not yet fully understood.
THE INTERACTION BETWEEN CHRONIC STRESS AND PREGNANCY
During the 1990s, research began to focus on the mechanisms of chronic stress-associated PTB in investigations that examined the psychosocial and neuroendocrine associations with PTB. Most published studies in the past 15 years have consistently documented associations between PTB and chronic maternal stress and/or psychosocial factors. 3,11 Disparities in the occurrence of PTB have also been described, including much higher rates in African American women and in women from lower socioeconomic environments. 8 It has been proposed that such disparities may exist as a result of a lifetime of exposure to chronic stress (allostatic load) 14, 43 rather than a predominant genetic predisposition. For example, a New York City study of PTB risk in various black subgroups of the population found substantial variation dependent on country of birth and ancestry group, with African Americans having the highest rate of PTB. 44 The conclusion of the study suggested that social and cultural context associated with ethnicity and nativity may contribute substantially more than sheer genetic predisposition, low socioeconomic status, or low education levels. Domestic violence, abuse, and posttraumatic stress disorder have also been linked to PTB. 8
Several studies have identified relationships between "stress" hormones (i.e., ACTH and cortisol) and either an increased occurrence of PTB and/or increased maternal blood levels of CRH in pregnancy. 32,33,45 More recently, Wadhwa et al., 42 in a prospective study of 232 pregnant women, found an association between elevated maternal plasma CRH levels at 33 weeks of gestation, and a 3.3-fold increase for spontaneous PTB (adjusted relative risk = 3.3; 95% confidence interval, 1.2−9.4).
A plausible explanation for the mechanisms of stress-related PTB is based on links between psychosocial stressors, physiologic stress response, and the cascade of events that occur in the mother, uterus, placenta, and fetus before birth. This cascade of events leading to PTB occurs regardless of the etiology. In other words, the pathophysiologic mechanisms that explain stressrelated contributors and any of the other four major contributors to PTB (Figure 1 ) all occur somewhere along a common physiologic pathway to birth.
In the case of stress-associated PTB, it has been proposed that the neurohormonal effectors of the maternal stress response (and perhaps the fetus) contribute to an early and excessive placental CRH production, ultimately triggering the final cascade of events that culminates in PTB. Thus, a specific biobehavioral pathway pertinent to PTB may involve significant input from the maternal (and fetal) stress response. Investigations of the relationships between the three variables of 1) stress, 2) neuroendocrine markers (i.e., CRH), and 3) PTB together, however, are few. Only six such studies have been reported in the literature, and these are discussed below.
RELATIONSHIPS BETWEEN MATERNAL STRESS, NEUROENDOCRINE MARKERS, AND PTB
Six studies have examined PTB, neuroendocrine markers, and psychosocial factors together at the same time. 40,46-50 While all six of these studies (Table 2 ) measured maternal CRH, two also measured cortisol, 40,46 and one included measurements of ACTH. 40 Each of these studies included at least one behavioral, ethnic/racial, or psychosocial variable for measuring chronic stress contributors.
The results of all six of these studies lend support to the premise that one route to PTB may involve an interaction between the maternal stress response and gestational physiology. Women at highest risk for PTB were those who had higher blood levels of CRH, ACTH, and cortisol, higher perceived stress and/or anxiety scores, more risk-taking behavior, and lower socioeconomic status and education level. Furthermore, African American women and women with periods of fasting 13 hours or longer had higher CRH levels and were also more likely to deliver preterm. 47,48 Pregnancy-related anxiety was also higher in African American women compared to white women. 49 Notably, perceived stress levels earlier in pregnancy (16−20 weeks) predicted higher CRH levels later in pregnancy (28−30 weeks). 40 Indeed, increased perceived stress and elevated CRH together appeared to explain 20% of the variance in gestational age at birth. 50 In other words, higher perceived stress scores and higher levels of maternal CRH, when occurring together, predicted shorter gestational length.
The authors of all six studies arrived at the conclusion that a chronically activated maternal stress response may prematurely provoke the physiologic mechanisms that initiate the labor and delivery process. This conclusion also supports the theory of Challis et al., 51 who provide an extensive and thorough explanation of term and preterm mechanisms of labor, identifying the interrelationships between mother, fetus, and placenta that contribute to parturition. These mechanisms place the increase of placental CRH squarely at the center of an explanatory pathway for chronic stress-related PTB, directly implicating a chronic activation of the maternal stress response in the event. This biobehavioral relationship is depicted in Figure 4 .
Study Limitations
The difficulty in comparing these studies lies in the fact that each uses different measures of "chronic stress." For example, three of the six studies included a measure of women's perceived stress, 40,47,50 two of which also included an anxiety measure, 40,47 and one that included an assessment of periods of "fasting." 47 One study measured only maternal pregnancy-related anxiety along with socioeconomic measures, 49 while another considered only racial background, along with education and Medicaid status, 48 as markers for chronic stress. Yet another study 46 reported a psychosocial assessment at 30 weeks of gestation that included "life events," home duties, work demands, self-reported psychosocial stressors, health behaviors, and "risk-taking" (defined as "not wearing seat belts") without providing information on precisely which instruments were used or the validity or reliability of the measures.
The use of a standardized, comprehensive measure of chronic stress is lacking in much of the research, which contributes to an inability to adequately evaluate the associations that exist between chronic stress, neurohormonal markers, and adverse pregnancy outcomes (i.e., PTB). Another common mistake in such studies has been to simply "count" the number of "stressful" events occurring in individuals' lives. While this may be a practical and efficient approach, it often leads to research results that are not significant, ostensibly because it does not consider the complexity of individuals' stress appraisals and responses. Very few studies include a comprehensive assessment of stress that uses psychometric, behavioral, and demographic measures while concurrently evaluating associations with biologic measures (i.e., CRH and ACTH) and PTB.
Indeed, the complexity of the phenomenon of chronic stress, the likelihood of genetic contributions, and the interactions occurring within the maternal-fetal-placental unit all provide compelling rationale for the use of biobehavioral, "life course," 14 and "allostatic load" 29,43 perspectives when designing investigations of chronic stress-related PTB.
DISCUSSION, IMPLICATIONS, AND FUTURE DIRECTION
Prenatal healthcare providers routinely question expectant mothers regarding psychosocial factors during prenatal care, but are often at a loss for how to address such factors. What advice should be given to expectant mothers regarding the possible impact of chronic stress conditions on pregnancy and the unborn baby? How do providers tailor their approaches to addressing the unique set of circumstances presented by each expectant mother? What interventions are available or effective in reducing the risk of chronic stress-related PTB?
Unfortunately, while consistent data support the premise that chronic stress contributes to adverse reproductive outcomes such as PTB, clinicians are commonly left to intuitive approaches in dealing with them, given the current lack of evidence-based clinical direction. The March of Dimes Foundation advises women to reduce their stress levels during pregnancy in an effort to reduce the risk of PTB. 52 Others, such as Tiran and Chummun, 53 suggest a plethora of "complementary therapies" for stress reduction during pregnancy, including massage, aromatherapy, acupuncture, reflexology, and hypnotherapy, among others. However, there are no data to suggest that any of these mentioned recommendations and techniques actually reduce the occurrence of PTB. Such advice may be based on sound theoretical underpinnings of stress-related PTB, but it is exceptionally rare that any of these methods have been evaluated within the context of a well conducted research study.
While a few studies have evaluated stress reduction methods during pregnancy and have documented reductions in measures of maternal anxiety, 54 perceived stress, 55 and stress and depression, 56 few studies have evaluated these methods in relation to pregnancy outcomes. There are two notable exceptions. One prospective, intervention study reported by Mamelle 57 documented a reduction in the occurrence of PTB in women with threatened preterm labor who received psychological counseling during the prenatal period (7.2 % vs. 15.7% in the control group; P < .02). The second, a prospective, randomized, controlled study of the practice of yoga and pregnancy outcome by Narendran et al., 58 reported a reduction in the PTB rate between a yoga intervention group and a control group (14% vs. 29%; P = .0006), as well as a reduction in intrauterine growth restriction (21% vs. 36%; P = .003). These results are certainly intriguing, and stand as sole examples of studies that investigate the impact of stress reduction techniques on pregnancy outcomes.
A third study deserves mention as well, in which stress reduction, per se, is not evaluated, but rather the study evaluated group prenatal care and pregnancy outcome. 59 Notably, in this randomized clinical trial, the incidence of PTB was significantly reduced in the women who participated in group prenatal care as opposed to women who received conventional individual prenatal care (9.8 vs. 13.8%; P = .045; odds ratio = 0.67). The authors of the report proposed that one mechanism explaining these results might be attributed to stress reduction, and thus a positive effect on the maternal and fetal endocrine stress responses that precipitate PTB.
The need for intervention studies seems quite apparent, given the paucity of such research. In addition to developing and evaluating intervention and prevention programs, however, more research must be directed toward identifying, evaluating, and further explaining the relationships that exist between chronic stress and PTB. Such studies could address populations of women with likely and/or known high levels of chronic stress, such as women exposed to discrimination, racism, oppression, war-torn environments, domestic violence, foreign and war-time military deployment, rape, refugee status, and childhood abuse, among others. Most of these populations of pregnant women have not been the subject of research investigations to date.
Until there is clear evidence-based clinical direction, prenatal care providers may certainly want to continue to assess for psychosocial indicators and to educate pregnant and preconceptional women regarding the research that documents the impact of chronic stress, without misleading them with recommendations of "untested" stress-reduction methods. At the same time, there have been no reports of adverse effects during pregnancy, of any of the common stress-reduction techniques available. At a minimum, women may feel less anxious and stressed by engaging in such methods, and could be reducing the potential for chronic stress/pregnancy interactions that lead to PTB, in addition to reducing their psychological distress. Therefore, it seems reasonable to give at least a "green light" to participation in stress reducing activities.
The majority of women who experience chronic stress, however, do not go on to deliver a preterm infant. This likely reflects the multiplicity of factors that contribute to the occurrence of PTB, including a genetic component that may contribute to a woman's susceptibility to the effects of her individual stress response. 60 Given the complexity of the human stress response, which includes this genetic component and an individual's unique stress response and life course, it becomes clear that applying theories of allostasis and allostatic load to investigations of chronic stress and pregnancy outcomes could facilitate such studies. For example, an accelerated chromosomal telomere shortening (a marker of cellular aging) has been associated with higher levels of perceived stress in women caring for their chronically ill children. 61 The suggested implication is that chronic stress contributes to allostatic load, thus to cellular aging and subsequent risk of dysfunction and disease typically associated with increasing chronological age. The identification of such markers within the context of pregnancy, and in relation to pregnancy outcome, could be illuminating.
CONCLUSION
A large body of evidence supports the premise that the risk of PTB is increased when maternal chronic stress is present in some women. In addition, research implicates the interaction between the maternal stress response and the physiology of pregnancy and parturition, as one of the pathophysiologic mechanisms explaining PTB. Investigations that use biobehavioral, life course, or allostatic load perspectives have potential to provide valuable input into exploring the phenomenon of stress-related PTB, and into development of prevention and intervention programs, such as stress reduction. With more than half a million babies born prematurely in the United States each year, a deeply concerning disparity existing among minority and socioeconomically disadvantaged women, 5 and an increasing PTB rate, it is time for the conduct of research using novel approaches and interventions. Contributors to preterm birth. DM = diabetes mellitus; HTN = hypertension; PPROM = premature preterm rupture of membranes. Biobehavioral pathway from chronic stress to preterm birth. CRH = corticotrophin-releasing hormone. 
Glossary of Terms
Allostasis: A physiologic process that maintains homeostasis via stress mediators (corticotrophin-releasing hormone, Cortisol, catecholamines, cytokines, etc.). 28
Allostatic Load: The cumulative wear and tear, physiologically, on the body as a result of chronic exposure to the stress response. Stress: "when environmental demands" (internal or external; real or imagined) "tax or exceed the adaptive capacity of an organism, resulting in psychological and biological changes that may place persons at risk for disease." 17
